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Solid phase microextraction (SPME) and liquid phase microextraction (LPME) 
are widely used for sample enrichment and cleanup prior to an instrumental 
analysis. Compared to simply applicable SPME, LPME usually requires more 
manual maneuvers. In order to overcome such shortcomings of LPME, we 
developed in-tube microextraction (ITME). ITME uses a liquid plug inside a 
capillary as an acceptor phase and thus can be in-line coupled with capillary 
electrophoresis (CE) with ease. Since the acceptor phase is well protected 
inside the capillary, ITME can be carried out under severe extraction conditions. 
Moreover, given that the extraction and injection processes take place 
simultaneously, the extraction kinetics and efficiency are very high. Using a 
commercial CE instrument, direct immersion (DI)-ITME was demonstrated for 
two- and three-phase configurations. In two-phase DI-ITME, acidic analytes of 
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neutral forms in an acidic aqueous donor solution were extracted into a 
pentanol acceptor plug in the capillary. In three-phase DI-ITME, a small 
amount of octanol was injected into a capillary containing a basic aqueous 
acceptor phase and acidic analytes in an acidic aqueous donor solution were 
enriched into the basic acceptor phase through the octanol layer by the driving 
force of a pH difference. Due to the lack of a hanging drop, DI-ITME is a quite 
simple and robust extraction method. 
 
Keywords:  
Liquid phase microextraction, Single drop microextraction, In-tube 








LIST OF FIGURES AND TABLES ⅳ 
 
1 INTRODUCTION       1 
2 EXPERIMENTAL 2 
 2.1 Chemicals and materials 2 
 2.2 Apparatus 3 
 2.3 DI-ITME 4 
2.3.1 Two-phase DI-ITME 4 
2.3.2 Three-phase DI-ITME 5 
3 RESULTS AND DISCUSSION 6
 3.1 Two-phase DI-ITME-CE 6 
 3.2 Three-phase DI-ITME-CE 12 
 3.3 Comparison of two- and three-phase DI-ITME-CE 17 
4 CONCLUSIONS 20 
  
REFERENCES 21 
ABSTRACT IN KOREAN 25 
 
 iv
LIST OF FIGURES AND TABLES 
Figure 1. LVSEP of samples in pentanol. 
Figure 2. Optimization of two-phase DI-ITME;  
(a) Pentanol volume, (b) Extraction time 
Figure 3. Electropherograms of two-phase DI-ITME. 
Figure 4. Optimization of three-phase DI-ITME; 
              (a) Octanol thickness, (b) Organic solvent, (c) Extraction time 
Figure 5. Electropherograms of three-phase DI-ITME. 
 
Table 1.   Two-phase DI-ITME-CE performance 





 In order to analyze a sample of low concentration or one in a complex matrix, 
pretreatment steps for sample enrichment and cleanup are often required [1, 2]. Solid 
phase extraction (SPE) and liquid phase extraction (LPE) are commonly utilized as 
sample pretreatment methods [3, 4]. While a cartridge or disk filled with sorbent is 
used for SPE, a sorbent-coated fiber is used for solid phase microextraction (SPME) 
[5-9]. Analytes collected on the SPME fiber can be directly injected into GC or LC [10, 
11]. SPME is thus simple and fast and usually requires no solvent. Although LPE does 
not use a special cartridge as SPE does, LPE uses a large amount of solvents. Various 
schemes of liquid phase microextraction (LPME) including hollow fiber LPME [12-
15], dispersive liquid-liquid microextraction [16-19], and single drop microextraction 
(SDME) have thus been introduced to minimize the use of solvents and to improve the 
extraction performance [20-25]. Most LPME methods are usually operated in a manual 
manner and off-line coupled with an instrumental analysis [26, 27]. SDME using an 
acceptor drop hanging at the tip of a separation capillary, however, can easily be 
coupled in-line with capillary electrophoresis (CE) [28, 29]. By using a drop at a sub-
microliter volume, high levels of sample enrichments can be obtained from SDME 
with a short extraction time. The sample cleanup and enrichment powers of SDME for 
CE have been demonstrated in a variety of applications [30-34]. To advance SDME 
further, we recently demonstrated more efficient and fully automated in-tube 
microextraction (ITME) for headspace extraction coupled with CE [35]. Unlike SDME 
and other LPME modes, ITME uses a liquid plug inside a syringe or capillary as an 
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acceptor phase. Consequently, ITME is much simpler in operation compared to SDME. 
Moreover, since the analytes extracted to the acceptor phase of a very small volume 
are simultaneously injected into the separation capillary, the extraction kinetics and 
efficiency are very high. Here, we present direct immersion ITME coupled with CE 
(DI-ITME-CE). From two-phase DI-ITME of 30 min extracting 2,4-dinitrophenol 
(DNP), 3-bromobenzoic acid (BBA), and 4-iodobenzoic acid (IBA) in an acidic 
aqueous sample into a pentanol plug inside the capillary, enrichment factors (EFs) of 
80, 52, and 24 were obtained, respectively. In comparison, much higher corresponding 
EFs of 510, 1600, and 600 were obtained from three-phase DI-ITME of 30 min for the 
three analytes in an acidic aqueous donor to a basic aqueous acceptor through a thin 















2.1 Chemicals and materials 
 DNP was purchased from TCI (Tokyo, Japan). BBA, IBA, sodium tetraborate 
decahydrate, HPLC-grade HCl, octadecyl trimethoxysilane (ODTS), 1-heptanol, 1-
octanol, 1-nonanol, 1-decanol, 1-pentanol, and tris(hydroxymethyl)-aminomethane 
(Tris) were from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid and HPLC-grade 
methanol were from Merck (Darmstadt, Germany). Deionized water was prepared by a 
Nanopure II system (Barnstead, Dubuque, IA, USA). 10 mM stock solutions of BBA, 
IBA, and DNP were prepared in methanol. Sample donor solutions were prepared by 
diluting the stock solutions with an aqueous HCl solution. 
2.1 Apparatus 
 ITME and CE were performed using bare fused silica capillaries with various 
inner diameters (IDs) and lengths, but with a fixed outer diameter of 360 μm 
(Polymicro Technologies, Phoenix, AZ, USA) with a P/ACE MDQ CE system 
(Beckman, Fullerton, CA, USA). For electrophoresis, a reverse potential of –20 kV 
was applied across the capillary in two-phase DI-ITME-CE and a normal potential of 
+25 kV was applied in three-phase DI-ITME-CE. Analytes were monitored using a 
UV detector at 214 nm. During the electrophoresis process, the capillary temperature 





2.3.1 Two-phase DI-ITME 
 For two-phase DI-ITME of the three analytes in an acidic donor solution of pH 
3.0, pentanol was used as an organic acceptor phase, as it is water-immiscible and of 
low viscosity for easy electrophoresis [36]. To separate analytes in a pentanol plug, 
nonaqueous CE (NACE) was carried out using a methanol run buffer prepared by 
titrating a 25 mM Tris solution in methanol to pH 8.0 with a 25 mM acetic acid 
solution in methanol [37-39]. A bare fused capillary with an ID of 50 μm and an 
effective/total length of 30/40 cm was conditioned with 0.5 M NaOH, water, and the 
run buffer for 5 min each at 70 psi. A plug of pentanol was then injected into the 
capillary filled with the methanol run buffer. After immersing the capillary inlet in a 
sample donor solution, two-phase DI-ITME was carried out. Both ends of the capillary 
were placed in run buffer vials and electrophoresis was then performed. The peak 
heights from NACE of a 100 µM sample in a methanol run buffer injected for 3 s at 
0.3 psi were used as reference values to calculate EFs of two-phase DI-ITME. 
 The distribution coefficients Doa of the three analytes between the organic phase 
of pentanol and the aqueous donor phase were measured. A mixture of 1 mL of 1 mM 
HCl and 1 mL of 10 mM analytes in pentanol was vortexed overnight at room 
temperature, after which the two phases were separated by centrifugation for 10 min. 
The Doa value was calculated from the analyte concentration in the aqueous phase 
measured by CE [40]. 
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2.3.2 Three-phase DI-ITME 
 For three-phase DI-ITME of the three analytes in an acidic donor solution of pH 
2.5, octanol was used as an organic phase. A 25 mM sodium tetraborate buffer of pH 
9.2 was used as an acceptor phase and was also used as a run buffer for the subsequent 
CE. 
 A bare fused silica capillary having an ID of 25, 50, or 75 μm and an 
effective/total length of 20/30, 30/40, or 50/60 cm was used. Each day, the capillary 
inlet tip surface was hydrophobically coated by silanization. After cleansing the 
capillary tip with ethanol, the tip was dipped 1 mm into a solution of 5 vol% ODTS 
and 0.1 vol% acetic acid in ethanol for 20 s and dried in open air for 5 min [41]. 
Before the extraction process, the capillary was treated by sequentially rinsing it with 
0.5 M NaOH, water, and the acceptor phase (run buffer), each for 5 min at 70 psi. 
Then, octanol was hydrodynamically injected into the capillary containing the acceptor 
phase, the capillary inlet was immersed in the sample donor vial, and extraction was 
carried out. After extraction, the octanol layer was removed by dipping the capillary 
inlet tip into a methanol vial for 1.6 s. Both ends of the capillary were placed in run 
buffer vials and electrophoresis was then performed. The peak heights from CE of a 
500 µM sample in a run buffer injected for 5 s at 0.5 psi were used as reference values 





3 RESULTS AND DISCUSSION 
3.1 Two-phase DI-ITME-CE 
 When acidic analytes in a pentanol plug undergo electrophoresis using a 
methanol run buffer under a reverse potential, the analytes are stacked at the boundary 
between the pentanol and methanol matrix zones due to the large difference in the 
conductivities of the two zones, while the pentanol matrix is removed to the inlet side 
by the electroosmotic flow (EOF) [30]. This sample enrichment scheme is called large 
volume sample stacking using an EOF pump (LVSEP) [42]. Fig. 1 shows that higher 
peaks with longer migration times were obtained with longer injection of a sample in 
pentanol. Thus, a greater degree of sample enrichment can be obtained with a larger 
volume of sample up to full injection into the capillary. However, in our two-phase DI-
ITME, analytes were extracted into the pentanol plug through the capillary opening 
and a pentanol plug with an excessive length led to sample dilution and longer 
migration times. 
 To optimize the pentanol plug volume, the EF values of the analytes extracted 
for 10 min from 500 nM sample solutions in HCl of pH 3.0 were compared as the 
pentanol plug length was varied from 1.25% (0.5 cm) to 9% (3.6 cm) of the capillary 
length. From the results shown in Fig. 2a, 3% (1.2 cm) of the capillary length was 
chosen as the optimal pentanol plug length. The volume of the pentanol plug was 24 
nL. Fig. 2b shows EF with respect to the extraction time. As the extraction time was 
increased from 10 to 60 min, the EF values increased from 30 to 120 for DNP. BBA 
and IBA did not show significant changes in the EF values after 30 min. Considering 
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the EF values and reproducibility, 30 min was chosen. Under the optimum extraction 
conditions, the EFs of DNP, BBA, and IBA were 80, 52, and 24 respectively. The 
RSDs of the migration times and peak heights (n = 4) were 2% and 4-18%, 
respectively. The limits of detection (LODs) (S/N = 3) were 39, 16, and 67 nM for 
DNP, BBA, and IBA, respectively. Analytical performance data of two-phase DI-
ITME-CE are listed in Table 1. 
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Figure 1. LVSEP of samples in pentanol. Electropherograms of 10 μM samples in 
pentanol injected for (a) 30 s at 0.3 psi, (b) 15 s at 3 psi, (c) 40 s at 3 psi, and (d) 80 s 
at 3 psi. Fused silica capillary; 50 μm ID, 30/40 cm. Run buffer; 25 mM Tris/acetate 
(pH 8.0) in methanol, –20 kV, 214 nm, 25°C. Peak identification; 1) DNP, 2) BBA, 





Figure 2. Optimization of 2-phase DI-ITME. (a) EF from 10 min extraction vs. the 
pentanol volume. (b) EF vs. the extraction time. Donor phase; 500 nM samples in HCl 





Figure 3. Electropherograms of (a) a 100 μM sample in a methanol run buffer injected 
for 3 s at 0.3 psi and (b) a 500 nM sample in HCl of pH 3.0 enriched by 30 min 2-
phase DI-ITME to a pentanol acceptor plug. Other conditions as in Fig. 2. Peak 































Table 1. Two-phase DI-ITME-CE performance 
Analyte EF 












DNP 80 2% 11% 39 nM 60-2500  0.9955 
BBA 52 2% 4% 16 nM 50-2500  0.9970 













3.2 Three-phase DI-ITME-CE 
 In three-phase LPE, an analyte is extracted from an aqueous donor phase to an 
organic (octanol) phase and back-extracted to an aqueous acceptor phase. For a finite 
extraction time, higher EFs are expected with a thinner organic phase. In order to place 
a thin octanol layer at the capillary entrance stably, the capillary tip surface was treated 
with a hydrophobic coating to improve its affinity with the organic phase. Without this 
coating, the success rate was about one in ten. With the coating, it was greater than 
nine in ten. 
 For a capillary of length L, the hydrodynamic injection volume v at pressure P 
for time t can be expressed by the Poiseuille equation [43] 
 v = πID4tP/128hL, (1) 
with being the viscosity of the solution inside the capillary. Thus the octanol layer 
thickness is proportional to ID2 and inversely proportional to L. The minimum 
thickness of the octanol layer was determined by the minimum hydrodynamic injection 
condition P = 0.1 psi for 2 s, as given by our commercial CE instrument. Thus the 
layer thickness was varied instead by changing the capillary ID and L but with the 
minimum hydrodynamic injection at 0.1 psi for 2 s. When the ID of a 40-cm long 
capillary was changed from 75 to 25 μm, the octanol layer thickness was reduced from 
610 to 67 μm. Then the EFs from 5 min extraction increased from 2 to 42 for DNP, 
from 5.4 to 50 for BBA, and from 3 to 16 for IBA. These 5- to 20-fold increases in the 
EF obtained with a 9-fold thinner octanol layer were greater than the 3-fold reduction 
in the absorbance due to the smaller ID. Therefore, a capillary ID of 25 μm was chosen. 
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When the length L was changed from 30 to 60 cm, the octanol layer thickness was 
reduced from 90 to 45 μm and the EFs from 5 min extraction increased from 28 to 60 
for DNP, from 30 to 75 for BBA, and from 12 to 28 for IBA. Fig. 4a shows the 
increase in EF as the octanol layer became thinner. Therefore, we chose a capillary of 
25 μm ID and 60 cm length. 
 Organic solvents other than octanol were tested as an organic phase. When 
heptanol, octanol, nonanol, and decanol were compared, the EFs obtained with octanol 
were highest as shown in Fig. 4b. The extraction time was also optimized. Fig. 4c 
shows the increase in EF over time. Considering the EFs and RSDs, 30 min was 
chosen. 
 Under the optimum extraction conditions, i.e., injecting octanol at 0.1 psi for 2 s 
into a 60-cm capillary with an ID of 25 μm and extracting for 30 min, the EFs of DNP, 
BBA, and IBA were 510, 1600, and 600, respectively. The RSDs of the migration 
times and the peak heights (n = 4) were 3% and 6-19%, respectively. The LODs were 
40, 5, and 15 nM for DNP, BBA, and IBA, respectively. Analytical performance data 











Figure 4. Optimization of 3-phase DI-ITME. (a) EFs from 5 min extraction of 10 μM 
samples in HCl of pH 2.5 vs. the octanol layer thickness. Fused silica capillary; 25, 50, 
or 75 μm ID, 20/30, 30/40, or 50/60 cm. (b) EFs from 5 min extraction of 5 μM 
samples in HCl of pH 3.5 vs. organic solvent. (c) EF for 500 nM sample in pH 2.5 HCl 
vs. the extraction time. Fused silica capillary; 25 μm ID, 50/60 cm. Organic solvent 
injection at 0.1 psi for 2 s. Run buffer; 25 mM sodium tetraborate buffer (pH 9.2). +25 




Figure 5. Electropherograms of (a) a 500 μM sample in HCl of pH 2.5 and (b) a 500 
nM sample in pH 2.5 HCl enriched by 30 min 3-phase DI-ITME through a 45 μm thick 
octanol layer to a run buffer used as an acceptor. Fused silica capillary; 25 μm ID, 


































Table 2. Three-phase DI-ITME-CE performance 
Analyte EF 












DNP 510 3% 19% 40 nM 50-2500  0.9776 
BBA 1600 3% 6% 5 nM 5-2500  0.9983 













3.3 Comparison of two- and three-phase DI-ITME-CE 
 In two-phase LPE, an analyte is extracted from an aqueous donor phase (a) to an 
organic acceptor phase (o); the EF at equilibrium is given by [44, 45] 





1 Doa +Vo Va
,  (2) 
where C and V are the concentration and volume of the phase denoted by the subscript, 
respectively. The subscripts i and eq denote the initial and equilibrium values, 
respectively. The theoretical maximum of EFeq is given by the distribution coefficient, 
Doa. For an acidic analyte, Doa can be increased up to the neutral form’s partition 
coefficient by lowering the donor pH below the analyte pKa value. Since the driving 
force is the preference towards the organic phase, two-phase LPE is suitable for 
hydrophobic compounds of large Doa values. Additionally, NACE is needed to 
separate analytes in the organic acceptor phase. Depending on the nature of analysis, 
NACE can be advantageous, but with some limitations [33]. In three-phase LPE, an 
analyte is extracted from an aqueous donor phase (a1) to an organic phase (o) and 
back-extracted an aqueous acceptor phase (a2); the EF at equilibrium is given by [46] 





D2 D1( )+D2 Vo Va2( )+ Va2 Va1( )
, (3) 
where Dn is the distribution coefficient between the organic phase and the aqueous 
phase denoted by the subscript n. The driving force in three-phase LPE is the pH 
difference between the donor and acceptor phases. By increasing the difference in pH 
 
 18
and reducing the organic phase volume, EFeq can be maximized to the volume ratio 
Va1/Va2 [44]. Therefore, the EFeq in three-phase LPE can be much higher than the 
theoretical maximum Doa in two-phase LPE. Note that three-phase LPE is suitable for 
acidic or basic compounds not for neutral compounds and the liquid handling 
capability of a CE instrument limits the lower bound of the organic phase volume in 
three-phase DI-ITME. In practice, however, most analytical extractions are performed 
only for a finite time before reaching equilibrium to obtain EFeq of Eq. (2) or (3). 
When the extraction time t is short, EF(t) can be approximated as [32], 
 EF(t) ∝ 
A
V
t  (4) 
where A and V are the surface area and volume of the acceptor phase, respectively. 
Therefore, an acceptor phase with a small volume is preferred for high EF values. 
 The analytes used in this report were hydrophobic acids with a benzene ring, 
and thus both two-phase and three-phase DI-ITME were applicable. The 
experimentally measured Doa values of DNP, BBA, and IBA between pentanol and the 
aqueous donor phase were 850, 1300, and 200, respectively. When Va = 1800 μL and 
Vo ≈ 24 nL, Vo/Va ≈ 1.3 × 10
–5 << 1/Doa. The actual EF value of 80 obtained with two-
phase DI-ITME of 30 min was much smaller than this theoretical value at equilibrium. 
In three-phase DI-ITME, Va1 = 1800 μL and Vo ≈ 22 pL for the injection at 0.1 psi for 2 
s into a capillary with an ID of 25 μm and a length of 60 cm. The acceptor phase in a 
capillary can be approximated as a cylinder with length l from the longitudinal 
diffusion in one dimension [47]: 
 l ≈ 2Dt , (5) 
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where D is the diffusion coefficient. Using the representative value of DNP, D = 9 × 
10–6 cm2/s [48], the diffusion length l for 30 min of extraction was about 0.2 cm and 
Va2 ≈ 1 nL. When pHa1 = 2.5 and pHa2 = 9.2, using pKa = 4.09 and the partition 
coefficient of 81 between octanol and water for DNP [49], D2 = 6.3 × 10
–4 and D2/D1 = 
8 × 10–6. Then EFeq ≈ 4.5 × 10
4 according Eq. (3). The actual EF value of 510 obtained 
with three-phase DI-ITME of 30 min was also much smaller than the theoretical value 
at equilibrium. Note that, however, the two EF values 1600 and 600 for BBA and IBA 
were larger than the theoretical maximum in two-phase DI-ITME, Doa, 1300 and 200, 
respectively. 
 From the same extraction time of 30 min, the EFs of 510 to 1600 obtained with 
three-phase DI-ITME were 6 to 30 times higher than those of 24 to 80 obtained with 
two-phase DI-ITME. The LODs for BBA and IBA from three-phase DI-ITME-CE 
were about 4 times lower than those from two-phase DI-ITME-CE while the LODs for 
DNP were similar. The discrepancies between the EF increases and LOD decreases 
were due to the effects: 1) The ID of the capillary for three-phase DI-ITME was 25 μm 
whereas that for two-phase DI-ITME was 50 μm, reducing the absorbance signal to 
less than half. 2) The baseline noise in NACE using a methanol run buffer (see Fig. 3) 
was smaller than that in aqueous CE (see Fig. 5). As a result, for an analyte of a given 
concentration, the signal to noise ratio from three-phase DI-ITME-CE was more than 3 
times lower than that from two-phase DI-ITME-CE. In summary, three-phase DI-
ITME, suitable for acidic and basic compounds, offered higher EF values and lower 
LODs than two-phase DI-ITME, suitable for hydrophobic compounds, although an 




 Using a commercial CE instrument, two-phase DI-ITME from an aqueous 
sample solution to a pentanol acceptor plug and three-phase DI-ITME from an 
aqueous sample to an aqueous acceptor through a thin octanol layer were demonstrated. 
The driving forces for the two-phase and three-phase extractions were the distribution 
coefficient and the pH difference, respectively. Due to the lack of a hanging acceptor 
drop, ITME was much simpler and more robust than SDME. Since the analytes 
extracted were already injected into the separation capillary, DI-ITME was easily and 
efficiently coupled in-line with CE. As well as the first demonstration of ITME for 
headspace extraction, DI-ITME offers a quite powerful but extremely easy method 
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고체상 미 (SPME)  체상 미 (LPME)  리 쓰 는 
샘플 전처리 다. SPME  달리, LPME는  복 한 수동  
동과정  거친다. 러한 LPME  단점  극복하  해  내 
미  (ITME)  개 하 다. ITME는 개층     
사 하여  전 동과 보다 쉽게 연동 다. 개층   에  
보호  문에, 에 향  미치는 다 한 조건  적 하 에 
하다. 또한 과 주  동시에 루어지  문에,  도  
효  매우 다. 상 화   전 동  하여 체상 
ITME가 2-, 3-상  가능함  보 다. 2-상 체상 ITME에 는, 
산  수  주개층에  상태  산  물질    
pentanol 개층  다. 3-상 체상 ITME에 는, 염  수  
개층  들어 는   적   octanol  주 하고 산  
수  주개층  산  물질  pH 차 에 해 octanol 층  지나 
염  개층  다.  끝에 매달린 울  없  문에, 
체상 ITME는 매우 간편하고 튼튼한 다.  
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